The effects of food availability on immune function of gray red-backed voles (Myodes rufocanus) exposed to low temperature (58C) were examined under a short photoperiod (10L:14D). Twenty-seven voles, caught in the wild, were evenly divided into 3 groups adjusted for sample size, body mass, and sex ratio. Among the 3 foodmanipulation groups (food control, food addition, and food restriction), the food-added group displayed enhanced immune response. In contrast, the food-restricted group displayed weakened immune response and the lowest body mass. Kidneys, hearts, and livers of food-restricted voles were significantly hypertrophied in comparison with food-control voles and food-added voles. Therefore, food limitation (quality and quantity) may cause a reduction in immune function and body mass at low temperature on short photoperiods because of maximum expenditure of acquired resources for thermoregulation and maintenance of body condition and, consequently, may induce higher mortality during cold and long winters.
Energy demands for maintenance of body condition and thermoregulation increase in winter . Energy demands for thermoregulation increase significantly at cold ambient temperature in laboratory mice (Mus musculus- Cichoń et al. 2002; Konarzewski and Diamond 1994; Toloza et al. 1991) , deer mice (Peromyscus maniculatus-Koteja 1996), short-tailed field voles (Microtus agrestis-McDevitt and Speakman 1994), and gray red-backed voles (Kusumoto and Saitoh 2008) . Furthermore, individuals exposed to low temperature (58C) show inferior immune response against sheep red blood cells in comparison with individuals kept at room temperature (238C) on a 12L:12D cycle in mice (Cichoń et al. 2002) and gray red-backed voles (Kusumoto and Saitoh 2008) . These findings would suggest a trade-off between thermoregulation and immunity. Moreover, more energy might be needed for thermoregulation than immunity at low temperature in laboratory mice and gray red-backed voles.
Winter is an energy-demanding season; however, food resources are much more limited during winter than in other seasons Ota 1984) . Demas and Nelson (1998) demonstrated that food-restricted deer mice (P. maniculatus) under low temperature in short days (8L:16D) showed reduced immune function compared to either deer mice fed ad libidum or food-restricted mice under mild temperatures. However, immune function is otherwise enhanced in deer mice by a short photoperiod (Blom et al. 1994; Demas and Nelson 1996; Nelson and Demas 1996) . Therefore, it is important to investigate the influences of food availability under low temperatures because food limitation may adversely affect the physiological functions of arvicoline rodents (e.g., thermoregulation, maintenance of body condition, and immune function) and contribute to their population decline during winter.
Laboratory experiments creating winter conditions (i.e., temperature and photoperiod) can be used to better understand the physiological reactions and the population ecology of gray red-backed voles during winter. In this study, I investigated the effects of food availability on immune function of gray redbacked voles under low temperature in short days. The experiments could improve understanding of the mechanisms causing density-dependent population declines in gray red-backed voles during winter.
MATERIALS AND METHODS
In 2006, 27 gray red-backed voles (M. rufocanus) were collected by using Sherman-type live traps from a wind shelterbelt in Furen, Hokkaido, Japan (448189N, 1428259-1428289E). After capture, all voles were housed individually in a transparent polymer X (TPX) cage (145 Â 290 Â 150 mm, SKL-109; Toyoriko, Tokyo, Japan) with 250 ml of bedding materials (ALPHA-dri; Shepherd, Inc., Chicago, Illinois) at around 238C with natural light until the beginning of the experiment. All were allowed free access to water and commercial food (ZF; Oriental Yeast, Tokyo, Japan), and a handful of oats and sunflower seeds until the day before the beginning of the experiment. All experimental procedures met guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ).
Experimental protocol.-Photoperiod was decided on the basis of the field conditions in November in northern Hokkaido (i.e., photoperiod in the field is approximately 10L:14D) and the shortest day length (9L:15D) at the winter solstice in December. Temperature was kept at 58C throughout the experiment, following previous studies (Cichoń et al. 2002; Kusumoto and Saitoh 2008) . All voles were kept in an incubator (FMU-130I; Fukushima, Inc., Osaka, Japan) during the experimental period (for 16 days). On the 10th day of the experiments, all voles used in the experiment were immunized with standard, nonpathogenic, antigen-sterile, sheep red blood cells (Inter-Cell Technologies, Jupiter, Florida), as described below.
Twenty-seven voles were evenly divided into 3 groups (range of body masses for subjects in each group in parentheses): a food control group (CON, n ¼ 9; 20.5-27.2 g), a food restriction group (RES, n ¼ 9; 18.9-32.5 g), and a food addition group (ADD, n ¼ 9; 20.2-29.0 g); all 27 voles were kept on a 10L:14D cycle (lights on at 0700 h) at low temperature (58C) during the experiment (for 16 days). CON had ad libitum access to commercial food and water for the entire 16 days. RES were provided ad libitum water and commercial food for the first 10 days of the experimental period, and then were provided enough water and 90% of their normal requirements under low temperature (58C) to avoid excessive stress for the last 6 days of the experiment after immunization. The amount of food constituting 90% of the normal requirement for each vole in the food-restricted group was calculated based on the average of food intake that each vole consumed from the 3rd to the 6th day of the experiment (i.e., 4 days at 58C). ADD were provided ad libitum water, ad libitum commercial food, and 3.0 g of sunflower seeds with the husk for the first 10 days of the experimental period, and then ad libitum water, ad libitum commercial food, 3.0 g of sunflower seeds with the husk, and 3.0 g of oats with the husk for the last 6 days of the experiment after immunization.
Food remains were collected daily when the 250 ml of bedding materials were changed every day. Dry weights of the food remains were measured after drying at 1058C for 24 h. 2 ¼ 1.00). Crude protein intake, crude fat intake, crude fiber intake, crude ash intake, and nitrogen-free extract (NFE) intake were calculated on the basis of Table 1 . Food intake, crude protein intake, crude fat intake, crude fiber intake, crude ash intake, and NFE intake were calculated for days 8-9 and for days 14-15 of the experiments to compare stable responses. Those days correspond to the day just before the immunization and the final day of the experiments, respectively.
All voles were weighed daily to the nearest 0.1 g using an electronic balance. Livers, kidneys, and hearts also were weighed with 0.01-g accuracy, and the lymphatic organs (thymus and spleen) were weighed with 1-mg accuracy, on the last day of the experiment.
Immunization.-Standard, nonpathogenic, antigen-sterile sheep red blood cells at 20 ll/g body mass were injected into peritoneal cavity on the day 10 of the experiments. Sheep red blood cells were adjusted to 6 Â 10 6 cells/mm 3 in phosphate-buffered saline. On the 6th day after immunization, the voles were killed by cervical dislocation. Blood was collected from their heart using 1-ml or 2-ml syringes. Blood was incubated at 378C for 2 h, and kept at room temperature for 1 h. Blood was then centrifuged at approximately 420 Â g for 15 min, and the serum was extracted. The test serum was heatinactivated at 568C for 30 min. Antibody production against sheep red blood cells was assessed by the hemagglutination test (Hudson and Hay 1989 ; see also Kusumoto and Saitoh 2007) . The simplest form of this test involves the aggregation of erythrocytes (as antigens) by increasing dilutions of antierythrocyte sera.
The hemagglutination was performed with 96 well plates to measure antibody production against sheep red blood cells. First, 20 ll of phosphate-buffered saline was added to each test well. Second, each test serum was made with a 1:2 dilution, and 1:2 dilutions with each test serum line were repeated to the end well. Third, 20 ll of 1% sheep red blood cell suspension was added to each well. When the blood cells in normal sera fell to the bottom of the wells, titers of the antibody agglutination were estimated. The number of titers showing positive hemagglutination represents antibody production (Hudson and Hay 1989) . Titers refer to log 2 antibody concentrations.
Statistical analyses.-JMP 6.0 (SAS Institute Inc., Cary, North Carolina) was used for all statistical analyses. One-way analysis of variance (ANOVA) was used to compare results for the 3 groups when there was no correlation with body mass, and analysis of covariance (ANCOVA) was used for data correlated with body mass. Multivariate analysis of variance (MANOVA) was used to compare the repeated-measured data among the 3 groups when there was no correlation with body mass. If differences were significant among the experimental groups, post hoc differences between all means were analyzed using Student's t-tests.
RESULTS
Immune response and body mass.-Food-restricted voles (n ¼ 9) showed the lowest values of titers against sheep red blood cells in comparison with CON (n ¼ 9) and ADD (n ¼ 9), and the immune response of ADD displayed the highest values among the 3 groups (Fig. 1) . Effects of the treatments were detected by ANCOVA, although those of body mass as a covariate were not significant (Table 2) . ANOVA without effects of body mass also showed clear effects of the treatments (F ¼ 9.55, d.f. ¼ 2, 24, P , 0.001). The post hoc comparisons revealed significant differences between CON and ADD, and between RES and ADD (ANCOVA,
Body mass did not differ significantly among the 3 treatment groups on the 1st day (ANOVA; F ¼ 0.05, d.f. ¼ 2, 24, P ¼ 0.953; mean 6 SE [g] 24.9 6 0.83 for CON, 24.8 6 1.40 for RES, 24.4 6 1.03 for ADD). There were significant differences among the 3 groups in the changes in body masses of voles during the first 10 days of the experiment and during the last 6 days of the experiment (MANOVA; F ¼ 14.6, d.f. ¼ 2, 24, P , 0.0001; mean 6 SE [g] 26.0 6 0.87 for CON, 27.1 6 3.46 for RES, 26.8 6 1.22 for ADD at the day of immunization; 27.2 6 0.69 for CON, 24.1 6 1.05 for RES, 27.5 6 1.49 for ADD at the end of the experiment; Fig. 2 ). In particular, body mass of RES decreased significantly during the 6 days after immunization (Student's t-test; t ¼ À6.97, d.f. ¼ 48, P , 0.0001; Fig. 2 ). The gain in body mass for ADD also was less during the last 6 days in comparison with the gain during the first 10 days (Student's t-test; t ¼ À2.20, d.f. ¼ 48, P , 0.05 for the gain during before immunization compared to the gain during after immunization for ADD; Fig. 2) .
Food intake, crude protein intake, crude fat intake, crude fiber intake, crude ash intake, and NFE intake.-Food intake, crude protein intake, crude fiber intake, crude ash intake, and NFE intake were lower in ADD than in the other treatment groups throughout the experiment (ANCOVA; days 8- Table 3 ). Food intake, crude protein intake, crude fat intake, crude fiber intake, crude ash intake, and NFE intake of CON did not differ before and after immunization (Student's t-test, all P . 0.05; Table 3 ). Intake values of RES after food restriction (after immunization) were significantly lower than those before food restriction (before immunization; Student's t-test, all P , 0.0001; Table 3 ). Intake values of RES were significantly higher than those of both CON and ADD before immunization; however, after immunization, food intake, crude protein intake, crude fiber intake, crude ash intake, and NFE intake of RES became less than those of CON and greater than those of ADD (Student's t-test, days 8-9 [before immunization]: all P , 0.005 for comparisons with both CON and ADD; days 14-15 [after immunization]: all P , 0.001 for comparisons with CON, all P , 0.0001 for comparisons with ADD; Table 3 ). Only crude fat intake of RES was lower than that of both CON and ADD (Student's t-test; days 14-15 [after immunization]: P , 0.001 for comparisons with both CON and ADD; Table 3 ).
Internal and lymphatic organs. 
DISCUSSION
Effect of food availability on immune function.-Food availability affected immune function of gray red-backed voles exposed to low temperature (58C) on a 10L:14D cycle. RES, provided with 90% of baseline food requirements under low temperature for 6 days after immunization, displayed weakened immune response and reduced body mass compared to CON and ADD. Demas and Nelson (1998) also reported that foodrestricted deer mice that received 70% of their original baseline food intake at low ambient temperature for 4 weeks displayed reduced immune function and reduced body mass compared with animals maintained at mild temperature in short days. Generally, immune function of arvicoline rodents would be reduced by food limitation on short photoperiods, although short photoperiods enhance immune function in deer mice (Blom et al. 1994; Demas and Nelson 1996; Nelson and Demas 1996) , humoral immune response in gray red-backed voles (K. Kusumoto, pers. obs.) , and spleen weights in Syrian hamsters (Mesocricetus auratus- Brainard et al. 1988) . Furthermore, in Days 14À15 (after immunization)
Food intake (g) 10.29 6 0.33b 11.54 6 0.33a 7.46 6 0.42d 10.50 6 0.43b 8.84 6 0.13c 5.86 6 0.36e Crude protein (g) 1.91 6 0.06b 2.15 6 0.06a 1.50 6 0.08c 1.95 6 0.08b 1.65 6 0.02c 1.13 6 0.07d Crude fat (g) 0.35 6 0.01c 0.39 6 0.01b 1.10 6 0.01a 0.36 6 0.01c 0.30 6 0.004d 1.10 6 0.01a Crude fiber (g) 1.08 6 0.03b 1.21 6 0.03a 0.63 6 0.04d 1.10 6 0.05b 0.93 6 0.01c 0.29 6 0.04e Crude ash (g) 1.25 6 0.04b 1.40 6 0.04a 0.77 6 0.05d 1.27 6 0.05b 1.07 6 0.02c 0.38 6 0.04e NFE (g) 5.70 6 0.18b 6.39 6 0.18a 3.47 6 0.23d 5.82 6 0.24b 4.90 6 0.07c 2.95 6 0.20e a previous study, food intake of gray red-backed voles exposed to low temperature (58C) increased about 1.5-1.7 times over that of voles kept at moderate temperature (238C) on a 12L:12D cycle (Kusumoto and Saitoh 2008) . Thus, voles kept at low temperature need greater food intake to maintain body condition and thermoregulation, as do mice (see also Cichoń et al. 2002; Konarzewski and Diamond 1994; Toloza et al. 1991) . Therefore, food limitation under low temperature, even if only a slight reduction of available food resources, could have negative influences on thermoregulation, maintenance of body condition, and immune function of gray red-backed voles. Effects of the experimental treatments on intake of food nutrients also were found. ADD consumed more crude fat and displayed higher humoral immune response in comparison with CON and RES under low temperature. Thus, crude fat intake could affect humoral immune response at low ambient temperature, because it has been shown previously that fat reserves show positive effects on humoral immune response in gray red-backed voles (Kusumoto and Saitoh 2008) . At mild ambient temperature, reductions of total body fat also reduced humoral immunity in both prairie voles (Microtus ochrogaster) and Siberian hamsters (Phodopus sungorus- Demas et al. 2003) . On the other hand, at mild ambient temperature, the proportion of natural killer T cells in spleen and liver was reduced in C57BL/6 (B6) mice fed a high-fat diet for 3 weeks compared with mice on a standard-fat diet for 3 weeks, and cell-mediated immune responses were suppressed in mice fed a high-fat diet in comparison with those a fed standard-fat diet (Miyazaki et al. 2007 ). However, in this study, it is not clear whether crude fat intake and fat reserves had negative or positive effects on innate and cell-mediated immune responses at low ambient temperature. RES ingested significantly more crude protein than ADD; however, RES displayed significant reduction of body mass and lower immune response than ADD. Therefore, RES could be forced to use their ingested crude protein as energy sources for heat production rather than for their humoral immune response.
The kidneys, hearts, and livers of RES were hypertrophied in comparison with those of CON and ADD. In previous studies, the internal organs (kidney, heart, and liver) of rodents exposed to cold stress (58C) were hypertrophied for thermoregulation in comparison with those of animals kept at a mild temperature (238C) on a 12L:12D cycle (laboratory mice-Cichoń et al.
2002; gray red-backed voles-Kusumoto and Saitoh 2008).
Therefore, food limitation would have a more severe influence on thermoregulation and maintenance of body condition at low ambient temperature.
Winter ecology of voles.-The quantity and quality of food for arvicoline rodents decreases during winter in comparison with other seasons. Almost all of their food resources become fibrous plants during winter because availability of seeds and animal food decreases until spring (Ota 1984) . Therefore, there has been much discussion about whether the population decline during winter is caused by food limitation, and the importance of food limitation is still in dispute (e.g., Hansson 1979; Ota 1984; Turchin and Batzli 2001) . In a field experimental study, Huitu et al. (2003) demonstrated that growth of Microtus populations is limited because of a lack of food in winter. The laboratory experiment described herein also suggested that food limitation at low ambient temperature would have negative influences on maintenance of body condition, thermoregulation, and immune function in gray red-backed voles. Therefore, low temperature would exaggerate resource-limited conditions in a high-density population, where food may be more fully exploited.
If food is limiting, food addition under low temperature should allow gray red-backed voles to maintain their body condition and enhance their humoral immune function. However, food addition experiments have not prevented cyclic declines in density, although extra food improves reproduction and survival (see Taitt and Krebs 1985 for review; see also Saitoh 1989) , and the effects of food addition on densitydependent demographic processes are negligible in bank vole (Myodes glareolus) populations (Yoccoz et al. 2001) . Why do these phenomena occur during winter in spite of extra food? Recently, Korslund and Steen (2006) reported that snow conditions could limit access to food resources by voles. Therefore, apparent food resources, judged to be sufficient for wintering voles, could be unavailable or underutilized. Almost all areas in Hokkaido are covered with heavy snow during winter with the exception of eastern Hokkaido, where soil conditions become tundralike with little snow cover during winter for about 4-5 months. These conditions could impede foraging. Immunity and nutrition are related closely and infections have adverse effects on nutritional status (Scrimshaw and SanGiovanni 1997) . Several clinical studies have provided evidence for reduced immune function and increased death rates from infectious disease during the winter (Afoke et al. 1993; Boctor et al. 1989; Demas and Nelson 1998) . Therefore, weakened small mammals with decreased immunity caused by food limitation at low temperature could be damaged by pathogens. Furthermore, food limitation at cold ambient temperature would induce a reduction of locomotor activity in small mammals during winter (Feldhamer et al. 1999) . Individuals that remain inactive in their nests for longer periods could suffer higher rates of predation (Millar 2007) .
Food limitation for gray red-backed voles could be a contributing factor to the annual direct density-dependent population decline during the long, cold, and severe winter, as discussed by Stenseth et al. (2002) . Additionally, for gray redbacked voles the population decline in winter could be accelerated by predation and disease, as indirect effects of food limitation under low temperature.
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